Objective: To investigate the vascular contribution to longitudinal changes in Alzheimer disease (AD) biomarkers.
matter injury in AD may result from arteriosclerosis, cerebral amyloid angiopathy, venous collagenosis, secondary degeneration related to neuronal loss, and toxic effects of soluble A␤. 9 Brain microinfarcts may cause cognitive impairment via reduction of brain reserve, but the mechanism appears to be independent of typical AD lesions. 10 A recent study from the Alzheimer's Disease Neuroimaging Initiative (ADNI) has shown that the longitudinal changes in CSF A␤ 42 , [ 18 F]fluorodeoxyglucose (FDG) PET uptake, and MRI hippocampal volume are reflective of AD progression after cerebral amyloid deposition. 11 Vascular effects on brain reserve may lower the clinical threshold for cognitive impairment without influencing the rate of AD pathologic progression. Because participants with severe cerebrovascular risks were excluded from ADNI, we aimed to assess mild vascular effects on the longitudinal change of AD biomarkers using the cardiovascular risk profile and WMHs.
METHODS Study population. This is a cohort study with a total of 819 research participants (normal cognition [NC], 229; mild cognitive impairment [MCI], 397; and Alzheimer disease, [AD] 193) enrolled in ADNI from 59 centers in the United States and Canada during [2005] [2006] [2007] . ADNI is supported by the NIH, private pharmaceutical companies, and nonprofit organizations with the primary goal of examining the utility of serial biomarker measurement in AD and pre-AD stages. Full inclusion and exclusion criteria are detailed at http://www.adniinfo.org. In brief, screening criteria for entry into the study included the Mini-Mental State Examination (MMSE) score, Clinical Dementia Rating scale score, and an education-adjusted cutoff score on delayed recall of one paragraph from the Logical Memory subtest of the Wechsler Memory ScaleϪRevised. 12 All participants were recruited between the ages of 55 and 90 years and had at least 6 years of education and a study partner able to provide an independent evaluation of functioning. Use of specific psychoactive medications and a Hachinski Ischemic Scale score of 4 or greater were exclusion criteria. We used the data from ADNI up to the date November 1, 2011.
Standard protocol approvals, registrations, and patient consents.
The study procedures were approved by institutional review boards of all participating institutions. Written informed consent was obtained from all research participants or their representatives.
Follow-up timeline. Detailed schedules of assessment for NC, MCI, and AD are posted in the general procedure manual on the ADNI Web site http://www.adni-info.org/Scientists/ Pdfs/ADNI_Protocol_Extension_A2_091908.pdf. In brief, after the baseline visit, subsequent visits took place in person at 6or 12-month intervals.
Cognitive function assessment.
In addition to MMSE score, the Alzheimer's Disease Assessment ScaleϪCognitive Subscale (ADAS-cog) and an executive function composite score were used as dependent measures to examine relationships between vascular burden and cognitive change. The ADAS-cog contains 11 items covering language, memory, praxis, and comprehension function. Higher scores indicate poorer cognitive function. An executive function composite score was calculated by summing the total correct in digit span (forward and backward), category fluency (animals and vegetables), and digit symbol substitution tests. Baseline and multiple follow-up MMSE, ADAS-cog, and executive function assessments were available for all participants.
Biomarkers of AD pathology. CSF proteins. CSF samples were collected in the morning after an overnight fast, shipped to the University of Pennsylvania Alzheimer's Disease Biomarker Laboratory and analyzed using a standardized protocol. 13 A␤ 42 , total tau, phosphorylated tau were measured (pg/mL) in each of the CSF aliquots using the multiplex xMAP Luminex (Luminex Corp, Austin, TX) platform with immunoassay kitϪbased reagents (for research onlyϪbased reagents; INNO-BIA AlzBio3; Innogenics, Ghent, Belgium).
FDG-PET. The protocol to acquire ADNI PET data at sites nationwide is detailed at http://www.loni.ucla.edu/ADNI/Data/ ADNI_Data.shtml, and methods for FDG-PET analysis have been described previously. 14 In brief, PET images were acquired 30Ϫ60 minutes postinjection. Images were averaged, spatially aligned, interpolated to a standard voxel size, intensity normalized, and smoothed to a common resolution of 8-mm full-width at half-maximum. PET volumes were intensity normalized to a single region comprising the cerebellar vermis and the pons defined by the Montreal Neurological Institute template. We used predefined regions of interest (FDG ROIs) associated with brain regions typically affected by AD to reflect glucose metabolism. Mean FDG uptake was extracted and averaged from 5 ROIs (right/left temporal gyrus, right/left angular gyrus, and bilateral posterior cingulate gyrus) for each participant.
MRI hippocampal volume. The 1.5-T MRI protocol was described elsewhere 15 and was standardized across all sites: 2 T1weighted MRI scans, using a sagittal volumetric magnetizationprepared rapid gradient echo sequence, with an echo of 4 msec, repetition time of 9 msec, flip angle of 8°, and acquisition matrix size of 256 ϫ 256 ϫ 166 in the x-, y-, and z-dimensions with a nominal voxel size of 0.94 ϫ 0.94 ϫ 1.2 mm. The images were aligned, skull-stripped, and segmented and passed rigorous quality control checks. FreeSurfer software (http://surfer.nmr.mgh. harvard.edu) was applied to obtain bilateral hippocampal volumes in mm 3 from this segmentation.
APOE4 allele. Blood samples at baseline were collected, and APOE genotyping was performed at the National Cell Repository for AD. APOE4 gene carriers were participants who had at least one APOE4 allele.
Surrogate markers of vascular burden. Cardiovascular risk profile. Cardiovascular risk score was calculated using the office-based cardiovascular risk profile prediction function from the Framingham Heart Study, which took age, gender, body mass index, blood pressure, smoking, and diabetes into account 16 ; higher scores indicated higher risks of cardiovascular events. The cardiovascular risk score was normally distributed and treated as a continuous but time-fixed variable in the analysis. WMH volume. The automated imaging procedure to estimate WMH volume was detailed in an earlier ADNI publication. 7 WMH volume was not normally distributed and therefore was log-transformed for analysis. All participants had at least one MRI WMH measurement at baseline, and 38% (310/819) had repeated measures for 3 years.
Statistical analyses. AD biomarker trajectories. Participants
with repeated measures were entered into analyses. We used repeated measures linear regression (an exchangeable working within-subject correlation model via a generalized estimating equation [GEE]) 17 to estimate average rates of change in cognitive function and AD biomarkers. The primary GEE model of biomarker trajectory treated time-varying biomarkers as the outcome with covariates of time and baseline age in the regression.
Longitudinal effect of vascular burden. Cardiovascular risk score and WMHs were proxy measures of vascular burden. We first examined the interrelationship among WMH, age, APOE4, and cardiovascular risk score at baseline in multivariable linear regression models. For participants with repeated WMHs, we delineated WMH changes over time in NC, MCI, and AD groups. Each vascular burden proxy as well as its interaction with time (vascular burden proxy ϫ time) was then entered into the GEE models of biomarkers in NC, MCI, and AD (model 1: cardiovascular risk score as vascular proxy; model 2: baseline WMHs as vascular proxy). Coefficients of the interaction terms reflected the direction and magnitude of how vascular risks modified biomarker rates of change at different stages. For a subgroup of participants with repeated measures of WMHs, time-varying WMH was taken into the GEE models to evaluate how AD biomarkers varied with WMHs over time (model 3).
Secondary analyses. Although our focus was the association between vascular burden and AD biomarkers, we used similar GEE models to evaluate vascular effects on cognitive decline indexed by time-varying MMSE, ADAS-cog, and executive function scores. In addition, we tested whether conversion from NC to MCI or from MCI to AD was affected by baseline vascular risks in logistic models with age adjustment. Sensitivity analyses. APOE4 carriers are predisposed to develop AD and a previous study from ADNI also demonstrated that APOE4 accelerated hippocampal atrophy in MCI and AD. 11 Therefore, we included APOE4 carrier status in GEE models to test the robustness of any vascular effect.
All statistical analyses and graphics were performed in R (version 2.11.1). All tests of statistical significance were conducted at the 2-tailed ␣ level of 0.05.
RESULTS
Baseline cognitive function, AD biomarkers, cardiovascular risk score, WMH volume, length of follow-up, and other demographic features of the NC, MCI, and AD groups are shown in table 1. The effect of age seemed stronger than that of cardiovascular risk on baseline WMH, whereas APOE4 did not appear to affect WMH (table 2) . WMH volume significantly increased over time, and the average rate of change (rate: 10 Ϫ3 log-transformed volume/ month) was faster in the MCI (7.6) and AD (7.4) groups than in the NC (4.9) group after adjustment for age.
Vascular contribution to AD biomarker changes are summarized in tables 3Ϫ5. CSF A␤ 42 declined over time in the NC and MCI groups, but there was no association between vascular burden and CSF A␤ 42 cross-sectionally and longitudinally. An increase in WMHs was associated with greater reduction of FDG uptake in cognitively normal participants. In addition, increased baseline WMH volume was associated with faster MRI hippocampal atrophy also in cognitively normal participants, but this finding was not replicated when time-varying WMH was used for analysis. These results remained unchanged after accounting for APOE4.
For the relationship between cognitive function and vascular risks, higher cardiovascular risk scores were not predictive of MMSE or ADAS-cog scores in any group but were associated with poor executive function in the MCI group. Greater baseline WMH volume was associated with lower MMSE score in the AD group, higher ADAS-cog score in the NC and AD groups, and poorer executive function in the MCI and AD groups. Neither cardiovascular risk score nor WMH volume was associated with rates of cognitive decline indexed by MMSE and ADAS-cog scores (tables e-1 and e-2 on the Neurology ® Web site at www.neurology.org). However, a greater increase in WMH volume was associated with faster decline in executive function in the NC group (table e-3) . Approximately 9% (20 of 229) of cognitively normal participants converted to MCI and 43% (169 of 397) of participants with MCI converted to AD, but baseline cardiovascular risk scores and WMHs were not different between converters and nonconverters.
DISCUSSION Within a limited range of vascular burden, we found no evidence of an effect of vascular risk on the longitudinal change of CSF A␤ 42 , FDG uptake in typical AD-related ROIs, and MRI hippocampal atrophy during cognitive decline. CSF A␤ 42 is an amyloid-specific marker for AD, and its decline appears to be faster early in the disease course 11 ; however, none of these vascular proxy measures was associated with CSF A␤ 42 either crosssectionally or longitudinally. Likewise, MRI hippocampal volume serves as a sensitive surrogate marker for AD pathology, 18 but neither cardiovascular risk profile nor WMH was clearly associated with hippocampal volume or its rate of atrophy. Although there was a suggestion of a relationship between WMH and longitudinal hippocampal atrophy in the NC group, the lack of a relationship between WMH change and hippocampal change argues against its significance. Our findings are consistent with previous studies that cerebrovascular burden, at least of mild degree, and AD pathology may be 2 independent factors contributing to dementia. 10,19 -21 Vascular factors not only increase the risk of AD but also predict dementia progression in AD. 22 Their contribution is considered additive in augmenting the expression of AD. 23 Animal models have shown increased amyloid deposition after stroke, and white matter injury may predispose to the neurodegenerative effects of A␤. 9 Although the neurovascular hypotheses concerning A␤ clearance seem plausible, 24 little evidence from human studies suggests that vascular risks are also amyloidogenic. 25 Even though amyloid deposition can be enhanced by circulatory defects, vascular effects may be easily overwhelmed once AD pathology becomes advanced. 20 However, it is possible that vascular risks play an initiating role, and, therefore, observation of their influence on amyloid accumulation may require longer study periods. The significant association between higher baseline WMH volume and lower FDG uptake in the AD group may reflect the fact that vascular burden contributes to reduced synaptic activity in patients with AD. However, the rate of glucose hypometabolism was not influenced by vascular risks in MCI or AD, arguing against the interaction between vascular risks and AD pathologic progression. We used the average normalized intensity from 5 FDG ROIs including bilateral temporal and angular gyri and posterior cingulate gyrus, which were commonly affected in AD. Although an earlier study demonstrated that WMH was associated with frontoparietal metabolism in FDG-PET rather than our ROIs, 26 the underlying neuropathology for these regions is still undetermined. FDG-PET generally represents synaptic activity, 27 and ROIs may be sensitive to AD pathologic changes. However, FDG ROIs may be not specific enough to exclude vascular or other pathologic contributions. Our finding in the NC group that a greater amount of WMH was associated with faster decline of FDG ROI uptake is in line with this notion. These cognitively normal participants are not necessarily going to develop AD, and they may be considerably different from participants with MCI and AD in ADNI. Therefore, the significant associations between FDG uptake in PET and WMH volume in our study may reflect the general effect of vascular burden on synaptic activity rather than AD-specific pathology.
Age has long been considered a prominent predictor of WMH severity, 28 and here with repeated measures we have further shown that after adjustment for age, WMH volume increased significantly over time and the rate of increase appeared to be faster for participants with cognitive impairment. Although vascular risks such as hypertension are important factors for WMH severity, 29 we cannot exclude the contribution from other pathologic conditions. A voxelbased morphometric MRI study has shown that gray matter reduction is correlated with the increase in WMH volume 30 ; however, the temporal relationship between these findings is unknown. People with MCI or AD may have accelerated gray matter or cortical atrophy and thus develop faster WMH progression. Without further investigation of the underlying neuropathology of WMH, we cannot be sure that WMH change simply represents the progression of vascular burden.
APOE4 is a strong genetic risk factor for AD and predictive of cognitive decline. 31 As a key component in the transport of cholesterol and lipid, APOE4 plays a role in both coronary risk and cerebral amyloid deposition. 32, 33 We did not find any association between APOE4 and cardiovascular risk score or WMH. The relationship between AD biomarkers and vascular burden was not affected by the presence of APOE4 either. Conversely, APOE4 has been shown to be associated with lower baseline CSF A␤ 42 , FDG uptake, and accelerated hippocampal atrophy in an earlier ADNI study. 11 Therefore, APOE4 seems to contribute to AD via the amyloid pathway more than through increasing vascular burden.
Greater cardiovascular risks and WMH volume were, as expected, associated with worse cognitive performance, particularly executive function in the MCI group, consistent with previous studies, which showed that WMH was more associated with psychomotor speed or executive function. 26, 34 We also found that although cognitive performance on MMSE and ADAS-cog, typical measures for AD, was not influenced by changes in WMH volume, the decline in executive function significantly correlated with the increase of WMH volume in the NC group. This finding suggested that vascular burden and ADtype pathology target different cognitive domains in aging and dementia.
There are several limitations in our study. First, vascular burden in the study was generally low because enrollment criteria excluded people with Hachinski Ischemic Scale scores of 4 or greater. As a result, the range of vascular burden in ADNI was narrow, and our findings cannot be generalized to populations with more than mild vascular risks. Furthermore, our length of observation ranged from 2 to 5 years. The influence of mild vascular burden may not be detectable within the period of observation. Nevertheless, this limitation provides us a unique opportunity to evaluate mild vascular effects that are uncomplicated by comorbidities, motor and sensory alterations, and other signs and symptoms that might increase measurement error, especially for cognition. Another limitation is that we do not have pathologic data showing the concordance between these ADtype biomarker changes and the severity of amyloid deposition. How specific these AD biomarkers are to detect the amyloid pathologic cascade at each cognitive stage in contrast with vascular progression is not known. Cardiovascular risk profile was derived from hypertension, diabetes, and other factors measured only once at baseline, and many of them may not have been quantified with adequate precision. Although the cardiovascular risk score was normally distributed, it predicts future cardiovascular events but is not necessarily reflective of the underlying vascular pathology. Outcomes could also have been affected by treatment of hypertension or other vascular risk factors, and the degree of medical control was not considered in our analyses. These treatments presumably change over time, depending on the previous outcome and also affecting the follow-up predictor as well as outcome.
Handling of these time-varying confounders is beyond the scope of ADNI data, and we are not sure how the lack of handling of these confounders would affect our results.
The unique strength of the study is its longitudinal setting and repeated measurement to capture the dynamics of AD biomarkers and WMHs. Timevarying predictors and outcome are rarely available in population studies; therefore, the assumption that an age effect is uniform across different participants is not as necessary as in cross-sectional studies. In addition, the majority of participants had 3 or more repeated measures, allowing us to evaluate not only the single difference between 2 time points but also the variance of change. With more than 3 or 4 repeated measures, the regression toward the mean effect can be further minimized.
The longitudinal changes in AD biomarkers were not modified by mild vascular risks during cognitive decline in ADNI. There is no evidence that cerebral amyloid deposition is affected by mild vascular burden. Vascular contribution to AD dementia is probably additive although not necessarily independent of the amyloid pathway.
